This paper introduces a novel tool for industrial customers to perform a cost-benefit analysis 13 regarding the implementation of Demand Response (DR) strategies in their facilities with the 14 final goal of softening the impact of RES intermittency in the grid. The dynamic simulation tool 15 focuses on assessing the participation of industries in reserve energy markets in the same 16 conditions as generators offering capacity reserve, energy reserve or both of them and taking 17 into account all the technical restrictions of production processes as well as possible extra costs 18 due to the implementation of DR (additional labour cost, productivity losses, etc.) Main 19 innovations of the methodology are the DR assessment carried out per process and the 20 introduction of the "margin of decision" as a decision making strategy for the energy consumer. 21
Assessment Tool -DRQAT-described in [14] ), existing a significant gap regarding industrial 83 applications. Existing models are focused on very specific processes (for example, air 84 conditioning or lighting), which have been traditionally used for DR applications. However, more 85 specific processes of industrial consumers have not traditionally been involved in DR issues due 86 to misgivings about potential risks in the degradation of the production processes. This is 87 especially true when DR actions are applied to sensitive processes directly related to the quality 88 of the final product, which tend to make customers wary of changing any element or parameter 89 of those processes. The tool here presented permits the modelling of industrial and non-90 industrial processes so as to evaluate the impact of specific DR actions and providing a detailed 91 economic, technical and environmental evaluation every 15 minutes. In addition, the tool 92 provides a holistic approach, linking the impact of DR actions on a process with each other, so 93 that the application of any specific action is constrained to what happened with the rest of 94 processes. Moreover, the tool provides a detailed analysis about when and how the different 95 types of DR actions may be implemented in order to maximize the economic benefit for both the 96 consumer and the power system. 97
On the other hand, existing tools deal with economic models using Time-of-use or similar fix 98 price schemas [15] but neither research studies nor tools have been found so as to evaluate the 99 economic benefit of the participation of industrial customers in reserve energy markets (offering 100 capacity reserve, energy reserve or both of them). Conversely, this tool provides the simulation 101 of customers participation in ancillary services based on a dynamic prices scheme with the 102 possibility to consider a set of different prices for different services (capacity reserves, balancing 103 services, interruptibility, etc.) every 15 minutes. 104
In this paper, a dynamic simulation tool based on previous works of the authors (described in 105 [16] ) is presented so as to fill this gap. This tool does not consider industrial customers as a 106 black box, but they are evaluated as a sum of parts (manufacturing processes) which can be 107 modified individually while the effect in the total electricity pattern of consumption for the whole 108 facility is analysed. In this regard, the results of the economic evaluation are obtained for each 109 DR process enabling customers to select the most cost-effective options. Moreover, the 110 simulation tool includes an environmental evaluation that calculates the reduction of CO 2 111 emitted by the replaced thermal power generators to the atmosphere. , and it was empirically validated in the four factories involved in that project, which 115 belong to some of the most suitable segments for DR implementation [18] : a paper factory in 116
Germany, two meat factories in the Netherlands and Spain (respectively) and a logistics 117 warehouse for food products in Spain. 118
The paper is organized as follows: Section 2 describes the calculation methodology of the new 119 simulation tool. In Section 3 the methodology is applied to a paper factory. Finally, some 120 conclusions are drawn in Section 4. 121
2
Calculation methodology 122
General description 123
In order to assess the potential benefit of the participation of an industrial customer in a 124 particular reserve energy market, a set of information is required: 125  On one hand, information related to the customer, such as the load curves of the 126 processes, the definition of DR actions of the processes according to standardized 127 parameters (see section 2.2) and electricity contract. 128  On the other hand, the reserve energy market prices where the participation of the 129 consumer would be simulated and CO 2 emission factors, which depend on the country 130 where the consumer is located. 131
Based on this information, the simulation tool performs the technical, economic and 132 environmental evaluation of the DR potential in the customer facility considering all the complex 133 relationships among all the variables in a mathematical model that takes into account the 134 chronological order of events. Figure 1 shows an overview of the required information (inputs) 135 and the main results of the simulation tool (outputs). 136
Required information (Inputs) 137
Most of the medium industrial customers are not aware of their energy consumption profile and 138 the possible flexibilities in their production processes due to the fact that they usually do not 139 _________________________________ 3 Detailed reports and more information about DRIP can be found in the website www.drip-project.eu [17] 6 have experts specialized in energy and flexibility trading [19] . In order to address that, a 140 flexibility audit has to be performed to characterize the electrical consumption of the different 141 processes and to identify the DR actions that could be implemented in the industrial customer 142
facilities. 143
Identification of typical days and building of typical day profiles 2.2.1 144
Typical days represent repeatable daily patterns of consumption for the customer during the 145 year. Using the quarter-hourly load curves collected during the flexibility audit, the typical daily 146 consumption profiles are calculated with the help of the simulation tool. In order to obtain the cited daily load curves it is necessary to carry out the process described 150
below. 151
 The first step is to identify and remove the days that enclose anomalous data (lack of 152 data, blackouts, maintenance periods, etc.). 153  Then, the daily profiles are compared and clustered by groups (type of day) according 154 to similar energy consumption patterns trying to reduce the standard deviation of each 155 group as much as possible. When the standard deviation value of all the groups 156 becomes acceptable, the average electrical load curve of all the selected days is 157 considered representative of each group (typical day). 158
As aforementioned, the simulation tool allows customers an easy performance of the previous 159 analysis and building of the typical load curves by means of a friendly user interface. Figure 3  160 shows an example of the typical profile of a working day in July (peak season) in the same 161 Spanish meat factory. When seasonality (or other factors) affects the shape of the load curve of 162 any process, it results on a new typical day. 163
Definition and standardization of DR actions 2.2.2 164
Once all the typical days are defined, the DR actions are specified for each process. Each DR 165 action is characterized according to the technical parameters proposed in [20] . In this regard, 166 the relevant technical parameters considered in this analysis are represented in Figure 4 . The 167 figure illustrates a theoretical flat load curve for a process when a flexibility action involving the 168 7 reduction of an amount of energy E1 during the time T D is applied. For a period of time T PR , an 169 amount of energy E2 is consumed in order to make adaptations to prepare for an interruption. 170
Similarly, at the end of the interruption, the reduced supply is switched back on, and an extra 171 consumption E3 is produced to re-establish the original settings. Once the period T RC has 172 happened, the load curve returns to the initial level of demand. The time T IA represents the 173 notification in advance that is necessary for the customer before the implementation of the 174 action. 175
The technical parameters involved in each DR action need to be specified for each type of day 176 and month in order to take into account the possible variations due to changes in the boundary 177 conditions (external temperature, scheme of productions, etc.) 178
Economic and environmental inputs 2.2.3 179
Regarding the information needed to the economical evaluation, the characteristics of the 180 electricity supply contract of the studied industrial customer (electricity prices) are required, as 181 well as the historical prices of the reserve energy market in which the industrial customer could 182 participate and their future trends for a more sophisticated estimation. 183
Lastly, regarding the environmental evaluation, the hourly CO 2 factors associated to the 184 electricity generation mix are necessary, as explained below. 185
Calculation process 186
Identification of the availability: when flexibility is activated or not 2.3.1 187
Firstly, the availability of the interruptible power for each DR process is evaluated at each 188 quarter-hour (j), which is the time step (so-called "Programme Time The energy balance (EB Total ) involved in the DR process i in the month l is calculated as the 220 difference between the energy reduces during the DR events (E 1 ) and the additional energy 221 consumed before and after these DR events (E 2 and E 3 respectively): 222
where h is the number of the DR event and p is the total number of DR events in the month i. The economic balance (Ss) during a DR event is the difference between the economic savings 229 due to the energy not consumed and the extra costs generated by the additional energy 230 consumed before and after the interruption (preparation and recovery periods): 231
where p k is the electricity price in the time period k (i.e. prices of electricity for on-peak, shoulder 233 and valley periods.) 234
The tool calculates Ss during the whole month l for each DR process as the difference between 235 the economic savings due to the energy not consumed and the extra costs generated by the 236 additional energy consumed before and after the implemented interruptions (preparation and 237 recovery periods), and it is assessed using (2) as explained above. 238
When the production machinery stops during the implementation of a DR event, its useful 239 lifetime will be generally increased, which is considered as an economic saving. Occasionally, 240 the benefit of the extension of machinery useful life (S MA ) may also have an opposite effect. In 241 this regards, if the start/stop cycles of the production machinery due to the interruptions have a 242 high frequency, their life time could be lessened. In this case, S MA will be zero and the possible 243 extra cost will be included as a variable cost in the simulation tool. 244
As stated above, B R also includes the variable costs (C VAR ) associated with the implementation 245 of DR actions such as the labour cost that is the extra cost paid to the employees for overtime 246 work and the possible cost due to the loss of productivity (if it exists). 247
Taking into account the previous considerations, it can be concluded that the revenue offered 248 by the TSO (marginal price) has to be higher than the minimum price required by the customer. 249
In this case, the matching will be achieved and the DR process i will be interrupted during the 250 quarter-hour j (S ij = 2), reducing the available interruptible power (P ij ). Otherwise, the customer 251 will not tender the flexible power. The following equation summarizes the above statements: 252
This equation is represented in Figure 5 . 254 Using (4), the simulation tool calculates the quarter-hourly offers of all the DR processes during 255 the simulated month "m". Figure 6 represents an example of a quarter-hourly offer on a working 256 day in the cited Spanish meat factory, which includes four different processes sorted by price. In 257 this example, if the TSO offers 43 €/MWh at the quarter-hour j and all the DR processes are 258 available to be interrupted, the customer could interrupt the maturing and drying processes in a 259 cost-effective way resulting in a total interrupted power of 354 kW. 260
Following with the description of the calculation process, the simulation tool saves the 261 information related to the state and interrupted power for each DR process i at the quarter-hour 262 j. Then, the described part of the algorithm is repeated from the next quarter-hour (j+1) to the 263 last one (m) in the month l. After that, the simulation tool applies this procedure to the rest of DR 264 processes from i+1 to n, that is the total number of DR processes identified in the industrial 265 customer facilities. 266 The environmental impact of all the DR events associated with all the DR processes in the 275 month l is calculated as the CO 2 emission balance (CE Total ) between the avoided CO 2 (CE 1 ) and 276 the extra CO 2 emitted to the atmosphere due to the extra electrical consumption before and 277 after all the DR events (CE 2 and CE 3 ): 278
where k is associated with the time period of each different CO 2 emission factor (i.e. CO 2 280 emission factor of on-peak, shoulder and valley periods.) 281
As explained above, the aforementioned CO 2 emission factors should be calculated taking into 282 account the CO 2 emission factors of the replaced technologies used in the reserve energy 283 market in each quarter-hour. It is important to point out that the emissions impact here 284 calculated is only related to the use of electricity. It means that the amount of CO2 emitted or 285 avoided into the atmosphere evaluated by the tool is just related to the carbon footprint linked to 286 the technology producing the electricity used by the consumer. It means that the evaluation of 287 11 the CO2 impact related to the use of fuel for other purposes (thermal energy, transport, etc.) is 288 out of the scope of this research. 289 After that, the described calculation process is carried out for each month of the selected year 290 from January to December in order to obtain the annual results for each DR process. Based on 291 these results, the final economic profitability of each DR process is evaluated using the where t is the number of the year and n is the total number of years associated with the 302 investment. 303
After selecting the cost-effective DR processes and discarding the rest, the total annual results 304 of the technical, economic and environmental evaluations are obtained as the sum of the 305 particular results of all the selected DR processes during the whole year. 306 Figure 8 schematizes the presented calculation process in a flowchart: 307 Lastly, the final economic profitability of providing DR services for an industrial customer is 308 calculated with the expressions (7), (8) y (9) using the aforementioned total annual results of the 309 economical evaluation. 310 311 312
